It has become increasingly clear that a larger brain can confer cognitive benefits. Yet not all of the numerous aspects of cognition seem to be affected by brain size. Recent evidence suggests that some more basic forms of cognition, for instance colour vision, are not influenced by brain size. We therefore hypothesize that a larger brain is especially beneficial for distinct and gradually more complex aspects of cognition. To test this hypothesis, we assessed the performance of brain size selected female guppies (Poecilia reticulata) in two distinct aspects of cognition that differ in cognitive complexity. In a standard reversal-learning test we first investigated basic learning ability with a colour discrimination test, then reversed the reward contingency to specifically test for cognitive flexibility. We found that large-brained females outperformed small-brained females in the reversed-learning part of the test but not in the colour discrimination part of the test. Large-brained individuals are hence cognitively more flexible, which probably yields fitness benefits, as they may adapt more quickly to social and/or ecological cognitive challenges. Our results also suggest that a larger brain becomes especially advantageous with increasing cognitive complexity. These findings corroborate the significance of brain size for cognitive evolution.
Introduction
With recent advances in the field of brain evolution it has become increasingly clear that a larger brain can confer cognitive benefits. A series of important comparative studies have used a correlative approach to address this specific question. By relating behaviours that are generally thought to be cognitively demanding to an animal's absolute or relative brain size, many positive correlations have been found. Brain size for example is positively correlated with bower complexity and the extent of food-hoarding in birds [1, 2] , tool use in primates and birds [3, 4] , two measures of self-control in 36 species of mammals and birds [5] and the ability to open a puzzle box across 39 species of carnivores [6] . Large-brained birds, moreover, were also found to be better invaders of new habitats, more innovative and more flexible than smaller brained species [7] . Also within a single species a larger brain has been found to be cognitively advantageous. An artificial selection experiment for absolute brain weight in mice showed that high brain-weight mice scored better than low brainweight mice in a discrimination assay [8] , while cognitive tests on more recent lines of brain size selected guppies with a more than 13% difference in relative brain size [9] revealed that large-brained females outperformed smallbrained females in numeric learning [9] , avoiding predation [10, 11] and in assessing the attractiveness of a potential mate [12] . Large-brained guppy males did better than small-brained guppy males in a spatial mate search test [13] .
Cognition includes numerous aspects that may be ranked from more fundamental traits, such as perception, to more complex traits such as attention, learning and memory [14] . The latter are traditionally associated with only a few large-brained species including some corvids, primates and parrots [15, 16] . It is important to note that not all of those different aspects of cognition & 2018 The Author(s) Published by the Royal Society. All rights reserved. seem to be affected by individual differences in brain size. For instance, colour vision [12] and visual acuity [17] , that arguably form basic cognitive traits [14] , do not differ between large-and small-brained female guppies even though eye size, visual cortex size and visual acuity are sometimes correlated (in humans [18, 19] , across mammals, birds and fishes [20 -22] ). Given the vital role of brain anatomy in cognitive evolution however, it is important to understand which of the numerous facets of cognition are affected by brain size and which are independent. Learning, defined as the neuronal processes and phenotypic plasticity that allows a relatively permanent change in behaviour after experience [14, 23] , stands out as a particularly interesting aspect in the study of cognitive evolution. This is so because the ability to learn from experience not only has important fitness consequences [24 -27] but learning is also highly conserved among vertebrates and includes many aspects that vary greatly in cognitive complexity [14] .
Here we test the performance of large-and small-brained female guppies in a reversal-learning assay; a test that consists of two parts testing two different aspects of learning that differ in cognitive complexity [28] . We hypothesize that a larger brain becomes increasingly beneficial for more complex aspects of cognition. In an initial colour association part of this test, we trained females to associate the colour of a moveable disc with a food reward hidden underneath it. As soon as a pre-defined learning criterion was reached, the reward contingencies were reversed and the females entered the second, reversed-learning part of the test, in which we tested specifically for cognitive flexibility. This second part of the test is thought to be cognitively more challenging because successful reversed learning demands the use of at least two additional executive functions. First the subject has to inhibit a response to the previously reinforced stimulus, then the subject must shift its attention in order to form new associations with a previously unrewarded stimulus [29, 30] .
We used the same learning paradigm, a plate with holes hiding food rewards underneath discs of different colours, for both parts of the assay. This approach has the advantage of offering comparable entities when testing for different aspects of learning [31] . We expect large-brained females to outperform small-brained females in the reversed-learning part of the test but not necessarily in the initial colour discrimination part of test, if a larger brain is especially beneficial with increasing cognitive complexity. Alternatively, if large-brained females do better than small-brained females in both parts of the tests we may conclude that the evolution of larger brains is generally also beneficial for basic aspects of learning.
Methods (a) Brain size selected guppies
The fish we used were offspring of guppies which had previously been selected for large and small brain size [9] . Briefly, laboratory-reared fish collected from a high predation area of the Quare river in Trinidad were used to set up three replicated lines each consisting of two selection lines ('large'-and 'small'-relative brain size, six lines in total). For each replicate, 75 breeding pairs were established and once offspring was produced the parents were sacrificed and their brains weighed. The offspring of the 20% pairs ( per replicate) that had the largest and smallest relative brain size were then used as parents to initiate the next generation of selected fish. For full details on these selection lines see [9] . This selection process resulted in up to 13.8% difference in relative brain size in the fourth generation [13] . Males and females from the fourth generation were paired to generate a fifth generation of brain size selected fish, which we then used in this experiment. Fish were at all times kept in a water temperature of 25 + 18C under a 12 h light/12 h dark schedule and constant aeration. Fish were fed flake food and live Artemia (brine shrimp) hatchlings on six days per week.
(b) Learning paradigm
For the reversal-learning test we used an experimental apparatus as described by [32] with minor modifications. Each experimental tank consisted of a home compartment and an experimental compartment separated by one transparent and one non-transparent guillotine door (figure 1). Females were housed in the home compartment at all times during the experiment and had visual contact between the home tanks to minimize any stress that may possibly impair learning [23, 33] . The experimental compartment was accessible only during the test trials and was visually isolated to avoid potential effects of copying and social learning [34 -37] . The non-transparent door, opened first in each trial, controlled for the subject's choice being affected by the experimenter's manipulation while the transparent door, opened five seconds after the first door, allowed the females to assess the test situation prior to the test and immediately choose a colour once the trial had started. The experimental compartments contained a white plate with 20 circular indentations (5 mm deep, 10 mm diameter), two of which contained 2 -3 frozen adult Artemia hatchlings that were covered with a red and a yellow plastic disc (14 mm diameter). One of the two discs could be easily dislodged by the female and the respective colour stimulus was hence rewarded, while the other disc was immoveable, stuck in the hole by a glued-on knob (unrewarded colour stimulus). A food reward was hidden underneath both the rewarded and the unrewarded colour stimulus in order to control for olfactory cues. Guppies are generalist foragers and potential prey might often be hiding underneath plants or leaves [38] making this learning paradigm ecologically relevant for this species. The colours of the stimuli (red and yellow) were chosen based on their importance for mate and food choice [38, 39] . As half of the animals were first trained on red and half on yellow our experimental design controlled for a potential bias towards one of the colours (see below).
(c) Reversal-learning assay
We trained 48 females (24 small-brained females and 24 largebrained females) to dislodge the disc by only partially covering the hole with food and then reducing the resulting gap in subsequent trials. After 18 trials all females could dislodge the discs with only one or a few pushes. In the initial colour discrimination part of the assay the females had to associate the colour stimulus with a food reward. Females were therefore given six trials per day with the rewarded colour stimulus counterbalanced across brain size. Half of all large-brained and smallbrained females (n ¼ 12 for each brain size) were thus trained to associate the food reward with the red disc, whereas the other half of all large-and small-brained females were trained on yellow discs.
The position of the two discs (right or left side of the plate) was chosen randomly for each trial. We scored the first disc the female attempted to dislodge as either correct or incorrect first choice. Each trial lasted for 60 s and was only completed if the food reward was consumed. If the rewarded disc was not dislodged within 60 s the trials continued for up to 5 min after rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172031 which we opened the rewarded stimulus and allowed the fish to consume the food. This was treated as a non-choice trial if none of the discs was touched. This procedure ensured that all females had experienced the same number of positively reinforced trials throughout the experiment. The end performance level was considered reached when the respective group (either large-or small-brained females) had reached at least 80% correct choices over at least six consecutive trials (within 1 day; i.e. correct responses were not carried over to the next day) with no observed further significant increase in success rate. As soon as one of the two groups had reached their end performance level in the initial colour association part of the test, the rewards were reversed (i.e. females previously trained on red could not move the red disc any longer but instead had to dislodge the yellow disc to find the food reward and vice versa) to start the second part of the test, the reversed-learning part. The reversed-learning trials also lasted 60 s and each female got five seconds to assess the test set up before the trial had started. The first disc a female attempted to dislodge was scored as either correct or incorrect choice and some trials again lasted up to 5 min before we dislodged the rewarded colour disc for the female to consume the food reward. The end performance level was again considered reached as soon as large-or small-brained females made at least 80% correct choices over at least six consecutive trials with no observed further significant increase in success rate. Behavioural scores were obtained blind to the treatment since individuals were identified by running numbers only.
(d) Data analysis
We compared the performance of large-versus small-brained guppies in the reversal-learning test using mixed effect logistic regression models fitted on individual binary outcome variables (correct first choice or incorrect first choice). This analysis tests for differences between 'learning curves' of large-and small-brained females and retains the binary response structure at the individual level, which is important because female guppies show considerable fluctuation in their individual learning curves (see the electronic supplementary material, figure S1 ).
We fitted a generalized linear mixed model (GLMM) with logit link function for the initial colour discrimination part of the test and an analogous model for the reversed-learning part of the test. The full models included fixed effects for brain size, trial, colour of the rewarded stimulus and their interactions as well as the random effects of individual learning curves and brain size for each of the three replicated selection line (lme4 syntax for R full model: success brain size * trial * rewarded colour þ (trial j individual) þ (trial j brain size: replicate), lme4 syntax for R final model colour discrimination : success brain size þ trial þ rewarded colour þ trial *rewarded colour þ (trial j ) ). Brain size effects at the end performance level were tested fitting a GLMM on correct or incorrect choices of large-and small-brained female guppies including only those last trials that were deterministic for reaching an end performance in the model (lme4 syntax for R full model: success brain size *trial *rewarded colour þ (trial j individual) þ (trial j brain size: replicate), lme4 syntax for R final model colour discrimination & reversed learning : success brain size þ trial þ rewarded colour þ (trial j individual) þ (trial j brain size: replicate)). All statistics were performed using R statistical software v. 1.0.136 [40] and the implemented package lme4 v. 1.1-13 used for mixed modelling [41] . Model selection was done backwards [42] by step wise elimination of terms based on Akaike's information criterion (DAIC . 2) with the final model being confirmed by automated model selection using the glmulti package [43] .
Results
Both large-brained and small-brained female guppies learned to associate the colour stimulus with the food reward (GLMM; trial 1 -30 large-and small-brained : z ¼ 3.24, p ¼ 0.001; figure 2), reaching a very similar end performance level of 92 + 2% correct choices over six consecutive trials already after 24 trials with no more increase in performance observed (GLMM; trial 25 -30 large-brained : z ¼ 20.32, p ¼ 0.751, trial 25 -30 small-brained : z ¼ 20.70, p ¼ 0.486, note that non-significant p-values indicate no further increase in correct choices over trials (see also Methods above)). Brain size did not affect the learning rate (slope of the learning curve) of colour discrimination and large-and small-brained females did not differ in the total amount of errors made over all 30 trials that were performed in this first part of the test (GLMM; trial * brain size: z ¼ 0.18, p ¼ 0.854; figure 2; brain size: z ¼ 20.84, p ¼ 0.401). Once the reward stimulus was reversed however, large-brained females were faster to switch to the previously unrewarded colour stimulus, made fewer mistakes than small-brained females did (GLMM; brain size: z ¼ 2.40, p ¼ 0.016, brain size * trial 1 -66 : z ¼ 2.55, p ¼ 0.010; figure 3 ) and reached a higher end performance level (93 + 1% large-brained versus 84 + 1% small-brained , GLMM; Figure 1 . Sketch of the experimental apparatus that contains a home compartment (A) and an experimental compartment (B), separated by a nontransparent (C) and a transparent (D) sliding door, opened in this order at the beginning of each trial. During the 60 s that each trial lasted the fish had to dislodge the rewarded disc (here represented by the red disc (E)) that was placed on one of the twenty holes drilled in a plastic plate (F) to find a frozen Artemia underneath it. The unrewarded stimulus (here represented by the colour yellow (G)) could not be moved by the fish but was blocked in the hole by a glued on silicon knob. We scored the first attempt to dislodge one of the two discs as either correct or incorrect choice made by the subject.
rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172031 brain size * trial 43 -66 : z ¼ 3.67, p , 0.001) already after trial 43 with no further increase in performance observed (GLMM; trial 43 -66 large-brained : z ¼ 1.25, p ¼ 0.210, note that non-significant p-values indicate no further increase in correct choices over trials (see also Methods above)).
Small-brained females did not reach our pre-defined end performance criterion and still increased in performance until we stopped the experiment after 66 trials (GLMM; trial 43 -66 small-brained : z ¼ 2.06, p ¼ 0.039).
Both large-and small-brained females showed a preference for the colour red; they made fewer mistakes when trained on red as the rewarded stimulus (GLMM; colour discrimination learning : z ¼ 24.04, p , 0.001, colour reversed learning : z ¼ 22.91, p ¼ 0.003; electronic supplementary material, figure S2 ) and tended to learn faster to associate the stimulus to the reward in the colour discrimination part of the test (GLMM, trial 1 -30 * colour: z ¼ 1.95, p ¼ 0.051). Note that the colour of the rewarded stimulus was counterbalanced across our treatment groups and included in our statistical models, our results are therefore not affected by this innate preference.
Discussion
We tested the performance of large-and small-brained female guppies in a reversal-learning test and found that largebrained females outperformed small-brained females in the reversed learning, but not in the initial colour discrimination part of the test. Large-brained females were faster to switch to the previously unrewarded colour stimulus once the rewards were reversed; they made overall fewer mistakes than smallbrained females and reached a higher end performance level earlier in the reversed-learning part of the test. Our results hence corroborate the hypothesis that a larger brain is especially beneficial for more complex cognitive tasks.
There are several reasons to assume that the reversallearning assay tests for two distinct aspects of cognition that differ in cognitive complexity. For one, different brain regions have been found to be responsible for the performance in the two tasks. In birds, the entopallium is responsible for the performance in the initial discrimination part of the test while the Wulst area seems to play an important role once the reward stimuli are reversed (reviewed in [44] ). In fishes the function of different brain subregions is less understood. Both the telencephalon and the cerebellum have been shown to be important for various aspects of learning [45 -49] but while impaired performance owing to telencephalic ablation can often be compensated for, the loss of the cerebellum has been shown to cause more severe and perhaps definite detrimental effects to learning in fishes [47] . Concerning reversal learning however, and in line with the aforementioned findings in birds, telencephalic ablation in the goldfish did only impair the performance in the reversal of a learnt association but did not affect the speed and performance for the acquisition of the original association [49] . The reversal of an original problem, moreover, may be cognitively more demanding as it not only requires more trials than the initial discrimination part of the test (e.g. [31] ), but it also recruits at least two additional executive functions; inhibitory control and cognitive flexibility [30,50 -52] . As stated above the subject has to suppress potentially interfering cognitive processes and actions in order to inhibit a response to the formerly rewarded stimulus, and then attend to a shift in reward and adapt its behaviour in response to that shift in order to form new associations with a previously unrewarded stimulus [29, 53] . Brain lesion studies on pigeons revealed that the impairment of both these processes (impairment of inhibition response [51, 52] and attention shift [50, 53] ) independently affected the performance in the reversal of an original discrimination task. Taken together it is hence evident that the reversal-learning assay tests for two distinct aspects of cognition that differ in their levels of cognitive complexity. The fact that we found that large-brained females outperformed small-brained females in the reversed learning but not in the initial discrimination task has two immediate implications. First, it shows that a larger brain can be beneficial for some of the numerous aspects of cognition but not necessarily for others. Second, and as we predicted, our findings rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172031 suggest that a larger brain is especially beneficial when dealing with more complex cognitive challenges. Although we cannot completely rule out that brain size has subtle effects also on discrimination learning, we can conclude that the effect of brain size is certainly more pronounced during the more complex reversal of this initial discrimination task.
Optimal performance in a serial of reversals of a problem results in adopting a win-stay, lose-shift strategy with one single error following each reversal [54] . This approach requires remembering which stimulus has been rewarded before; you always choose the response that was rewarded last, if it is rewarded you stay but the moment this response is no longer rewarded you shift to the other stimulus. Indeed, in both corvids and monkeys, staying or shifting depended on memory for the outcome of the last trial [55] . The more time that had passed between the trials the more often more than one error per reversal was made [55] . Whether fishes are able to adopt a win-stay lose-shift strategy comparable to the one observed in other vertebrate classes remains unclear [56, 57] . However, regardless of the strategy used, an animal influenced only by the reinforcement that it experienced last should reverse more slowly than an animal that remembers several reversed associations and has learnt the principle of reversal learning [58] . Similarly, a growing collection of learnt, stored and accessible associations should help with mastering more and more complex cognitive challenges. Such memory-based learning may be comparable with a network model that constructs a rich representation of the environment. The neuronal structures and brain circuits needed for constructing such a network [59] moreover may be limited by constraints in brain anatomy (i.e. brain size, [60] ); this idea could explain why large-brained female guppies outperformed small-brained females in the reversed-learning part of this experiment.
The previously mentioned brain lesion studies on fishes suggest that not only various aspects of learning [45 -49] but also processes of memory formation take place in the cerebellum and/or the telencephalon region of the fish brain ( [45, 61] but see [62, 63] ). Therefore, we speculate that size differences in the cerebellum and telencephalon may be underlying the increased performance of large-brained female guppies in the reversal-learning test. It was recently shown that 11 main brain subregions concertedly increased and decreased in size in our brain size selection lines [64] . Hence, that these two subregions are also larger in relation to body size in the large brained guppies could have provided the observed differences in reversed-learning performance via influence on learning and/or memory.
Recently, the reversal-learning paradigm has also been used for testing the adaptive benefits of cognitive flexibility. To be cognitively flexible, which can be defined as the ability to adapt the behaviour in response to a shift in the stimulus reward value [65] , may be advantageous when facing environmental and/or social challenges [44,66 -68] . Watanabe [44] for example, proposed that cognitive flexibility reflects an animal's ability to adapt to an unstable environment, whereas Bond et al. [68] showed that the Pinyon jay, which is a highly social species, outperformed other relatively asocial food-caching specialists as well as a more generalist jay species in a serial reversal-learning assay. At the same time as it seems intuitive that flexibility can be advantageous when ecological conditions become unstable, it seems reasonable that a high degree of social interactions demands for behavioural flexibility, because animals that live in a group often undergo changes in status or motivational level. Large-brained female guppies reached a higher end performance level in the reversed-learning test faster than small-brained females did, which suggests that large-brained individuals are cognitively more flexible than small-brained individuals. Is this difference of ecological relevance? Guppies are generalist foragers that feed on small prey, fruits and algae in Trinidadian rivers. They may find themselves in different ecological and social environments throughout their lives [38] . Heavy rainfall for instance may take them from an upstream, low-predation habitat down to a water body with many more, unknown predators, different prey species and unfamiliar conspecifics. The guppy also is a shoaling species that typically forms groups of 2-20 familiar fish, which interact frequently with one another and even form stable partner associations [69] . This social situation can enhance predator escape response [70] and increase foraging success [71] , probably owing to social learning rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172031 [35, 37, 72] . We suggest that females with larger brains are likely to respond more adequately and therefore adapt more quickly to changes in their social and/or ecological environment. Indeed, in an earlier study we found that large-brained females survive better under high predation [10] . It seems likely therefore that the proficiency with which guppies tackle multiple aspects of their ecology are positively affected by evolving a larger brain.
Interestingly, both large-and small-brained guppies were extremely fast to associate the colour with the food reward (for similar results see also [32] ), when compared to other fishes [73] and even ravens [74] . Learning rate is a function of motivation and the ecological relevance for the species in question; colour stimuli hence may be ecologically relevant and therefore highly salient for female guppies. Colour discrimination is important in female mate choice [38] and guppies also heavily rely on colour vision to find food in their natural habitat [39] . The strong preference for orange in the guppy has been proposed to have evolved because of orange-coloured fruits of high dietary quality falling into rivers [39] . Since the red discs in the experiment are near orange in their colour reflectance, this may also explain the slight preference for the red over the yellow disc in our experiment.
We conclude that female guppies with a larger brain are cognitively more flexible than their smaller brained conspecifics, which should yield important fitness benefits when facing ecological and/or social challenges. Most importantly, our findings suggest that a larger brain seems to be especially beneficial when dealing with increasing cognitive complexity.
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